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Abstract: Radar reflectivity images have the potential to provide vital information on the development
of convective cloud interiors, which can play a critical role in precipitation prediction. However,
traditional prediction methods face challenges in preserving the high-frequency component, leading
to blurred prediction results. To address this issue and accurately estimate radar reflectivity intensity,
this paper proposes a novel reflectivity image prediction approach based on the Spatial Memory in
Memory (Spatial MIM) networks and the Pix2Pix networks. Firstly, a rough radar reflectivity image
prediction is made using the Spatial MIM network. Secondly, the prediction results from the Spatial
MIM network are fed into the Pix2pix network, which improves the high-frequency component of
the predicted image and solves the image blurring issue. Finally, the proposed approach is evaluated
using data from Oklahoma in the United States during the second and third quarters of 2021. The
experimental results demonstrate that the proposed approach yields more accurate radar reflectivity
prediction images.
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2. Related Work

Traditional radar image prediction methods can be divided into per-pixel forecasts [11-14]
and convective cloud forecasts [15-19]. The Tracking of Radar Echo with Correlations
(TREC) [11] is the classical method for per-pixel forecasts. This method calculates the
This article is an open access article  direction of motion of each pixel and determines the speed of motion, which in turn leads
distributed under the terms and  tO a full-image forecast. The optical flow method [20-22] builds on the idea of TREC. This
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method are classic methods based on convective cloud cluster prediction methods. These
methods take convective cloud cluster as an object, track the convective cloud cluster and
calculate the speed and direction of the cloud’s future motion. The prediction method
based on convective cloud cluster also has its limitations. These methods forecast clouds as
a whole. The change of internal structure and strength during the prediction process is not
considered. Furthermore, there is no training process for these methods, and the forecasts
of historical samples will not help the current moment forecasts.

Deep learning methods have developed rapidly in recent years [23-25]. These meth-
ods have been useful in strong convective monitoring and short-term prediction. Their
application is therefore superior to traditional methods that rely on subjective experience
and objective statistical features. Recurrent Neural Networks (RNN) [9,26] have signifi-
cant advantages in processing time series data, and the method is widely used in video
prediction. The addition of methods such as Long Short-Term Memory (LSTM) and Gated
Recurrent Unit (GRU) to RNN networks allows more spatiotemporal information to be
captured. Shi et al. [27] used an RNN model for the first time to forecast radar reflectivity
images. The fully connected form of the state-to-state transition in the LSTM model was
changed to a convolutional form. It can capture spatial information better and save com-
putational resources effectively. Experimental results show a significant improvement of
the method over the optical flow method in the field of short-time prediction. At the same
time, it also shows that RNN models have great potential to solve this practical problem.
Shi et al. [28] proposed the Trajectory GRU (TrajGRU) model based on the Convlstm. This
model can learn the position change of natural motion and at the same time can better learn
the spatiotemporal information of radar reflectivity images. Wang et al. [29] proposed a
Predictive Recurrent Neural Network (PredRNN) where the memory states are no longer
confined within each RNN unit but can be shifted in both horizontal and vertical directions.
This method achieved excellent performance on radar datasets. Wang et al. [30] proposed
the PredRNN++ network on the basis of the PredRNN network. This method alleviates
the gradient disappearance problem by improving the LSTM with causal LSTM structure
and adding Gradient Highway Units (GHU). Xie et al. [31] proposed the MIM network
in order to address the problem of spatiotemporal non-stationarity. This method can bet-
ter capture complex spatiotemporal non-stationarity through two cascaded self-updating
memory modules while learning the changes in a continuous spatiotemporal context. Wang
et al. [32] proposed an extrapolation model based on convolutional neural networks and
generative adversarial networks in order to address the lack of small-scale details in the
echoes. This model can better preserve the details in the forecast.

Compared with traditional methods, although the accuracy of radar image prediction
method based on the neural network is higher, there is still room for improvement. Neural
networks are trained by constructing a loss function that measures the difference between
the predicted and true values of the network. As training progresses, the loss function
decreases and the performance of the network gradually improves, eventually reaching
stability. Almost all radar reflectivity image prediction methods based on RNN use Mean
Square Error (MSE) [28-31] as the loss function. The use of the MSE loss function facilitates
the use of the gradient descent algorithm. It facilitates the convergence of the model and
also makes the model better overall. However, the use of the MSE loss function can also
cause some problems [33]. The MSE loss function is strongly influenced by outliers, which
can affect part of the correct prediction. This in turn leads to the blurring problem of blurred
forecast images that usually occur when prediction images. In addition to the problems
caused by this MSE loss function, the radar reflectivity images datasets are more complex
compared to traditional datasets such as MNIST and KTH, and the shape structure and the
texture information of radar reflectivity images are difficult to predict. This information is
important for meteorological work researchers to make strong convective weather forecasts.

In the field of computer vision, Generative Adversarial Networks (GAN) [34] are often
used to reduce blurring caused by MSE and enhance image details. The GAN network
consists of two parts: a generator and a discriminator. The generator and the discriminator
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fight against each other and continuously adjust the parameters. Eventually, the generated
image is close to the real image. Since radar reflectivity images are complex spatiotemporal
images, using only GAN networks for prediction tends to cause several problems. Firstly,
GAN models are difficult to converge, and the results generated by the models are complex.
Secondly, during the training of GAN networks, it is difficult for the models to accurately
predict the location and intensity of radar echoes at the same time with high resolution.
Therefore, meteorological researchers optimize the forecast results with the advantages of
GAN networks [35]. They usually use generative adversarial networks (GANSs) to reduce
the problem of blurred forecast images caused by using MSE loss functions [36]. However,
how to trace the small-scale details and the high-reflectivity part of the echoes is still the
focus of the work. In reflectivity image prediction, the blurring problem always occurs in
the center region of clouds with high reflectivity intensity. Due to high reflectivity intensity
being frequently associated with catastrophic weather, resolving the blurring problem of
reflectance images is critical.

In this paper, we propose a two-stage radar reflectivity images prediction model as
shown in Figure 1. In the first stage, the Spatial MIM network is used to make rough
predictions of the region and shape of the reflectivity images. The experimental results
show that the Spatial MIM network has better prediction performance compared to other
methods. This can also show that spatial MIM networks can better retain the spatiotemporal
information of the sequence. In the second stage, the Pix2Pix network [37] is used as the
optimization model. The reflectivity intensity and internal structure of the predicted image
are fine-tuned by optimizing the model. The forecast images are processed through the
Pix2Pix network to resolve high reflectivity deficits and local texture deficits due to image
blurring. The main contributions of this paper are summarized as follows:

e  The traditional method can only predict the changes in the position and shape of cloud
clusters. The method in this paper not only predicts the change of reflectivity intensity
of cloud clusters but also solves the difficult situation of cloud reflectivity intensity
prediction;

e  The use of RNN causes the image blurring problem caused by using the MSE loss
function. The method in this paper can solve the image blurring problem and better
predict the high-frequency component of nonlinearity in reflectivity images;

e  The method in this paper can give the prediction results of reflectivity images for five
moments and all of them have high reliability.

Pre-extrapolation : Final extrapolation

IIRA

Spatial MIM

JOUagw

Figure 1. Schematic diagram of the overall structure of the model. The left side is the pre-extrapolation
model, and the right side is the final extrapolation model.

This paper is organized as follows: Section 1 is an introduction. Section 2 presents
the related work. Section 3 describes the dataset and the computer hardware. Section 4
presents the structure of the Spatial MIM network and its experimental results. Section 5
presents the Pix2Pix network and its effects. Section 6 presents the discussions. Section 7
presents the conclusions.
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3. Training Preparation
3.1. Data

The radar reflectivity images are generated using dual-polarization weather radar data
provided by the National Oceanic and Atmospheric Administration (NOAA) of the United
States. The reflectivity image is shown in Figure 2a. The radar is located in Oklahoma,
Oklahoma, USA, with a latitude of 35.19°N and a longitude of 97.16°W. The radar scan
range is 230 km. Each scan includes six elevation angles, ranging from 0.5° to 3.4°. Every
10 consecutive radar scans are considered as a complete set of samples. The first 5 moments
of radar reflectivity images are used as inputs to the model to predict the next 5 moments
of radar reflectivity images. The latter 5 moments of radar reflectivity images are used
as labels to evaluate the model performance. The samples are divided into training and
test sets according to the sample recording time under the premise of random division. To
ensure the independence between the datasets, under the above constraints, we use a total
of 6137 sets of series from April 2021 to September 2021 as the dataset. Among them, the
training set sample sequences are 5337 and the test set sample sequences are 800.

NEXRAD LEVEL-III

BASE REFLECTIVITY

KTLX - OKLAHOMA CITY, OK
08/18/2021 11:42:00 Z
08/18/2021 11:41:41 Z (VOL)
LAT: 35/19/58 N

LON: 97/16/40 W

ELEV: 1277 FT

MODE/VCP: A/ 212

ELEV ANGLE: 0.50 ®
MAX: 52 DBZ
RANGE: 248 NM

(@) (b)

Figure 2. Dual-polarization weather radar data provided by the NOAA of the United States: (a) the
original reflectivity image; (b) the pre-processed image.

3.2. Image Preprocessing

Before starting the training, we need to crop the unnecessary information on the image
and only retain the reflectivity image area. Inputting too large reflectivity images will
take up a lot of GPU memory resources, while too small images will lose image detail
information. With the Java support provided by NOAA, we changed the image size and
tested it. Finally, the image size of 256 x 256 is chosen. This scheme can retain as much
original image information as possible while reducing the training cost. On this basis, we
remove the NOAA logo from the lower left corner of the reflectance image. To enhance the
contrast between the foreground and background of the image, the background color is
changed to black. The pre-processed image is shown in Figure 2b.

3.3. Experimental Equipment

The model was trained with an Intel i7-10700KF CPU, RTX 3090 GPU and 16 GB RAM.
The running environment was Windows 10, Python 3.8.11, tensorflow2.7.0 (A symbolic
mathematics system based on data flow programming), CUDA 11.1 (A computing platform
launched by NVIDIA), cudnn 8.1.0 (A GPU acceleration library for deep neural networks)
and pytorch 1.10.1 (An open-source neural network library).

4. Pre-Extrapolation Model
4.1. The Spatial MIM Network

Time series prediction involves fitting a function to historical moment data to predict
future values [38]. An effective prediction model should be able to capture the intrinsic
variation in continuous time, which comprises a low-frequency stationarity component
and a high-frequency non-stationarity component. While existing methods can fit the
low-frequency stationarity component well, accurately modeling the high-frequency non-
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stationarity component remains a significant challenge in time series prediction tasks. In
particular, the radar reflectivity image sequence is a natural space-time process in which
adjacent pixels are closely related, and their joint distribution rapidly changes with time,
resulting in complex non-stationarity in both time and space. Therefore, learning the
high-frequency components based on temporal and spatial non-stationarity is crucial for
radar reflectivity image prediction tasks.

The results of the study reveal [31] that while models such as PredRNN have made
some progress in addressing the issue of temporal and spatial information transfer, their
forgetting gate settings are overly simplistic and cannot effectively predict higher-order
components of spatiotemporal non-stationarity. This drawback leads to partial blurring
of the predicted image and diminishes the model’s prediction effectiveness. Specifically,
experiments [29] using the PredRNN model for precipitation prediction reveal that the
forgetting gate is saturated in 80% of the time, leading to a significant loss of high-frequency
non-stationarity components in the forecast process. Consequently, the prediction results
are dominated by the forecasts of low-frequency stationarity components.

In comparison to the PredRNN, the proposed model provides better prediction of
the higher-order components of spatiotemporal non-stationarity. Specifically, the input
images to the Spatial MIM network are radar reflectivity images with a sequence length of
five, and the output is a sequence of radar reflectivity images at future 5 moments. The
Spatial MIM network is a six-layer network comprising an encoder, an ST-LSTM layer,
three modified MIM layers and a decoder layer. The design of the Spatial MIM network is
derived from the MIM network, which aims to replace the easily saturated forgetting gate
in the ST-LSTM network with two cascaded temporal memory modules.

The memory module is shown in Figures 3 and 4. Its formulas can be expressed
as follows:

gt = tanh * doubleconv[H' "1, H! ], 1)
it = o * doubleconv[H! %, HL_|], )
Dl =MIM — N(H! "}, HI 7L, NL ), €)
T! = MIM — S(D!,Cl_, st ), 4)
Cl=TI+irx g} (5)

g} = tanh * doubleconv[H! "1, MI1], (6)
iy = o * doublecono[H! !, MI71), 7)
fl = o x doubleconv[H =1, MI~1], ®)
M= fix M i x g, ©)

ot = o * doubleconv[H' "1, H!_,,Cl, M}], (10)
H! = o; x tanh(convy,[C}, ML]), (11)

where N¢ and S, denote the memory units in MIM-N and MIM-S, respectively, D/ is
learned by MIM-N and used as the input of MIM-S, T} is the memory passing the virtual
“forget gate”, C{ is the standard temporal cell, M, is the spatiotemporal memory, H{ is
the hidden state, #; is the input gate, o; is the output gate, f; is the forget gate, g; is the
input-modulation gate, ¢ is sigmoid activation function and * means that function A acts
on array Bin A * B.
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Figure 3. The MIM-N module (non-stationary) and the MIM-S module (stationary) are interlinked in
a cascaded structure in the MIM block.

Figure 4. (Left): A Spatial MIM network with three MIM, one ST-LSTM, one Encoder and one
Decoder. (Right): The MIM block which is designed to introduce two recurrent modules to replace
the forget gate in ST-LSTM. Red arrows denote the diagonal state transition paths of H for differential
modeling. Grey arrows denote the horizontal transition paths of the memory cells C, N and S. Orange
arrows denote the zigzag state transition paths of M.

The first module is a non-stationarity module with inputs /'~ and h;1'~1. This
module represents high-frequency non-stationary changes through the difference between
the two inputs. The second module is the stationary module, and the input is the output of
the non-stationary module D; and the external temporary memory C;_1’. This module is
used to represent low-frequency stationarity variations in spatiotemporal sequences. The
above two modules are cascaded and used to replace the forgetting gate in ST-LSTM. It
can better forecast high-frequency non-stationary variations. The formulas for the MIM-N
module are shown as follows:

gt = tanh x doublecono[(H} ! — HI~1), N}_,], (12)

it = o x doubleconv[(H} ' — H=1),N/_,], (13)
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fi =0 doubleconv[(Hf*1 - Hfj),NLl], (14)

N} = fi x Nl +ir x g, (15)

ot = o * doubleconv[(H! ™! — Hf:}), N/, (16)

D! =MIM - N(H !, H'"1,N!_;) = o; x tanh(N}), (17)

where the non-stationary variation in the spatiotemporal series is represented by the
difference (Hy'~! — H;_1!~1). The formulas of the MIM-S module are shown as follows:

gt = tanh x doubleconv[D},C!_], (18)

it = o x doubleconv|D},C!_], (19)

fi = o doubleconv[D},C!_,], (20)
Si=fixS | +irxg, (21)

0 =0 % doubleconv[Dl, Ciw Sﬂ, (22)

T} = MIM — S(D},C!_;,8L ;) = 0; x tanh(S}). (23)

When the value of differential feature D' is very small, the non-stationary variation
is not severely expressed. At this time, the MIM-S module will mainly use the original
memory. When the value of the difference feature D/ is large, the MIM-S module will
overwrite the original memory.

During training, the encoder and decoder [39,40] are required to effectively transfer
information from the bottom layer to the top layer and preserve the spatial high-frequency
components of the image. The encoder encodes the input X; into deep features, which
extract useful spatial information that helps the state transfer unit make accurate spatial
predictions. The decoder saves the useful spatial information and decodes the predicted
spatial states as outputs.

The structure diagram of the Spatial MIM network is shown in Figure 4, and the
formulas of the encoder and decoder are presented as follows:

X{ = Enc(Xy), (24)

Xi+1 = Dec(X}41), (25)

where Enc denotes encoder and Dec denotes decoder.

Considering that some high-frequency components of spatial information will be lost
during encoding, the information recall scheme is used when constructing the encoder
and decoder. By using the information recall scheme, each layer of the decoder can obtain
information from multiple layers of the encoder. This information can help generate better
forecast images with a more complete retention of the high-frequency component of spatial
information. The formula of the information recall scheme is shown as follows:

D; = DECZ(D1_1 +E1NN),Z =1,...,N, (26)

where D; denotes the decoding features from layer / of the decoder and E;.y denotes the
encoding features from layer [ to layer N of the encoder.

In this paper, we replace the 5 x 5 convolution filter in the MIM module with two 3 x 3
convolution filters and change the normalization method, resulting in three advantages:
increased network depth, reduced model parameters and reduced risk of the exploding
gradient problem. The orange circles in Figures 3 and 4 represent our modified two-layer
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convolutional filter, which consists of a convolutional layer, a LayerNorm layer and a ReLU
layer. The structure is shown in Figure 5. The first convolutional layer of the two-layer
convolutional filter is followed by a ReLU activation function, and the second convolutional
layer is followed by a tanh or sigmoid activation function.

Conv
3x3

Conv
3x3

Layer

Norm ReLU

— —>

—>

Layer
Norm

=>

Figure 5. “Modified two-layer convolution filter” (The black point in the organ circle in Figures 3

and 5).

4.2. Prediction Results of the Spatial MIM Network

In this section, we present the experimental results of the proposed Spatial MIM
network and compare it with other models, namely Convlstm, PredRNN, PredRNN++
and MIM. To evaluate the performance of the models, we use evaluation indicators and
analyze the results. All models were trained using 5337 sample sequences and tested using
800 sample sequences to evaluate the model performance.

The original radar reflectivity image is a 220-graded pseudo-color image, and the
radar reflectivity image obtained from the forecast is a color image. Therefore, we perform
a similarity measure for each pixel point in the forecast radar reflectivity image and convert
the image to a 220-graded pseudo-color image.

4.2.1. Meteorological Evaluation Indicators

To evaluate the models under different degrees of meteorological disasters, a threshold
is set for the reflectivity intensity. Pixel points with reflectivity intensity lower than the
reflectivity threshold are changed to background black, while pixel points with reflectivity
intensity larger than the reflectivity threshold retain their original color. The evaluation
is conducted by classifying each point on the forecast image after setting the threshold as
“predicted yes” or “predicted no”. Likewise, each point on the labeled image after setting
the threshold is classified as “observed yes” or “observed no”. The details are shown
in Table 1.

Table 1. Contingency table of indicators for model evaluation.

Observed Yes Observed No
Predicted yes a b
Predicted no c d

where g, b, c and d, respectively represent the number of different types of pixel points.

POD, FAR, CSI and ETS, which are commonly used in the field of meteorology, were
selected as evaluation indicators, and the formulas are shown below.

a

POD = ——, (27)

a+c
PAR——b (28)

T a+b’

a
CSI_a—i—b—i—c’ @9)
_ 0Oy _(a+b)(a+o)

ETS_a—amf—i—b—i—c' f T At b+c+d (30)
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The POD represents the proportion of successful forecasts among the total number of
events; the FAR represents the proportion of incorrect forecasts among the total number
of forecast events; the CSI represents the comprehensive level of POD and FAR; the ETS
represents a more comprehensive evaluation of hits through penalizing misses and false
alarms and adjusting hits associated with random chance. Larger POD, CSI and ETS values
indicate greater model performance, while smaller FAR values indicate greater model
performance.

Using the POD, FAR, CSI and ETS scores evaluated from the test set, we quantitatively
assess the model’s overall performance. Table 2 lists the POD, FAR, CSI and ETS scores
of the models with the threshold of 0 DBZ. Compared with the Convlstm, the other four
models have higher POD, CSI and ETS scores. Although the Convlstm outperforms
the other four models in FAR during the first two prediction moments, it falls short in
subsequent moments. The PredRNN outperforms the Convlstm on POD, CSI and ETS
scores but falls short on FAR score, showing that its predicted results are more accurate
and closer to reality. At the same time, the experiments result also exhibits the ST-SLTM
module’s effectiveness. When compared to the PredRNN, the PredRNN++ and the MIM
perform better. As a result, the feasibility of using cascaded memory modules to replace
ST-SLTM modules was demonstrated. Among the five models, the Spatial MIM model
proposed in this article has the highest POD, CSI and ETS scores while also having the least
FAR score. The Spatial MIM achieved the best prediction results, proving the superiority of
the proposed method.

Table 2. POD, FAR, CSI and ETS scores of the models with the threshold of 0 DBZ.

Sequence t+1 t+2 t+3 t+4 t+5

Convlstm [27] 0.86 0.86 0.86 0.86 0.86

PredRNN [29] 0.87 0.87 0.86 0.86 0.86

POD RredRNN++ [30] 0.88 0.87 0.87 0.86 0.85
MIM [31] 0.87 0.87 0.87 0.88 0.88

Spatial MIM 0.90 0.89 0.89 0.89 0.89

Convlstm [27] 0.09 0.10 0.12 0.13 0.12

PredRNN [29] 0.11 0.11 0.12 0.12 0.11

FAR RredRNN++ [30] 0.10 0.10 0.11 0.11 0.11
MIM [31] 0.10 0.10 0.10 0.11 0.10

Spatial MIM 0.10 0.10 0.10 0.10 0.10

Convlstm [27] 0.79 0.78 0.78 0.78 0.79

PredRNN [29] 0.79 0.79 0.80 0.80 0.79

CSI RredRNN++ [30] 0.80 0.79 0.79 0.80 0.80
MIM [31] 0.80 0.81 0.79 0.80 0.79

Spatial MIM 0.82 0.82 0.82 0.81 0.81

Convlstm [27] 0.76 0.77 0.76 0.76 0.76

PredRNN [29] 0.77 0.77 0.77 0.77 0.76

ETS RredRNN++ [30] 0.77 0.77 0.77 0.77 0.77
MIM [31] 0.78 0.78 0.78 0.77 0.77

Spatial MIM 0.79 0.79 0.79 0.78 0.78

The best scores are marked in bold.

Tables 3-5 list the POD, FAR, CSI and ETS scores of the models with the threshold of
20, 25 and 30 DBZ. When the threshold value is 30DBZ, the MIM has a lower FAR score than
the Spatial MIM and a lower fraction of prediction error events. However, it is clear that
the Spatial MIM proposed in this paper has higher POD, CSI and ETS scores while having
a lower FAR score most of the time. Experiments show that the Spatial MIM proposed in
this paper can complete the spatiotemporal modeling well and forecast convective weather
more accurately.
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Table 3. POD, FAR, CSI and ETS scores of the models with the threshold of 20 DBZ.

Sequence t+1 t+2 t+3 t+4 t+5
Convlstm [27] 0.83 0.83 0.83 0.82 0.82
PredRNN [29] 0.83 0.83 0.82 0.82 0.81
POD RredRNN++ [30] 0.84 0.84 0.85 0.83 0.83
MIM [31] 0.83 0.82 0.82 0.81 0.82
Spatial MIM 0.85 0.85 0.85 0.84 0.84
Convlstm [27] 0.23 0.23 0.23 0.24 0.24
PredRNN [29] 0.24 0.24 0.24 0.24 0.24
FAR RredRNN++ [30] 0.20 0.21 0.20 0.21 0.21
MIM [31] 0.19 0.19 0.19 0.20 0.20
Spatial MIM 0.18 0.18 0.19 0.19 0.19
Convlstm [27] 0.66 0.66 0.65 0.64 0.65
PredRNN [29] 0.67 0.67 0.66 0.66 0.66
CSI RredRNN++ [30] 0.69 0.69 0.68 0.68 0.68
MIM [31] 0.70 0.69 0.69 0.69 0.69
Spatial MIM 0.70 0.70 0.69 0.69 0.69
Convlstm [27] 0.65 0.65 0.65 0.65 0.64
PredRNN [29] 0.66 0.66 0.65 0.65 0.65
ETS RredRNN++ [30] 0.68 0.67 0.67 0.66 0.66
MIM [31] 0.69 0.68 0.68 0.67 0.67
Spatial MIM 0.69 0.69 0.68 0.69 0.69
The best scores are marked in bold.
Table 4. POD, FAR, CSI and ETS scores of the models with the threshold of 25 DBZ.
Sequence t+1 t+2 t+3 t+4 t+5
Convlstm [27] 0.72 0.73 0.72 0.72 0.72
PredRNN [29] 0.75 0.75 0.74 0.74 0.73
POD RredRNN++ [30] 0.76 0.75 0.74 0.75 0.74
MIM [31] 0.74 0.74 0.74 0.74 0.73
Spatial MIM 0.78 0.78 0.78 0.77 0.78
Convlstm [27] 0.32 0.33 0.33 0.33 0.33
PredRNN [29] 0.34 0.34 0.34 0.33 0.34
FAR RredRNN++ [30] 0.31 0.31 0.32 0.32 0.33
MIM [31] 0.29 0.31 0.32 0.31 0.31
Spatial MIM 0.31 0.31 0.31 0.31 0.32
Convlstm [27] 0.54 0.53 0.54 0.53 0.52
PredRNN [29] 0.53 0.53 0.53 0.54 0.53
CSI RredRNN++ [30] 0.57 0.56 0.56 0.56 0.56
MIM [31] 0.58 0.58 0.58 0.57 0.57
Spatial MIM 0.60 0.60 0.59 0.59 0.59
Convlstm [27] 0.53 0.53 0.52 0.53 0.53
PredRNN [29] 0.53 0.53 0.53 0.52 0.52
ETS RredRNN++ [30] 0.56 0.55 0.55 0.56 0.56
MIM [31] 0.57 0.56 0.56 0.57 0.56
Spatial MIM 0.57 0.57 0.57 0.57 0.57
The best scores are marked in bold.
Table 5. POD, FAR, CSI and ETS scores of the models with the threshold of 30DBZ.
Sequence t+1 t+2 t+3 t+4 t+5
Convlstm [27] 0.64 0.65 0.65 0.65 0.65
PredRNN [29] 0.66 0.65 0.65 0.65 0.64
POD RredRNN++ [30] 0.71 0.70 0.71 0.70 0.70
MIM [31] 0.70 0.69 0.69 0.68 0.68
Spatial MIM 0.76 0.76 0.75 0.75 0.75




Remote Sens. 2023, 15, 5554

11 of 21

Table 5. Cont.

Sequence t+1 t+2 t+3 t+4 t+5

Convlstm [27] 0.29 0.29 0.28 0.29 0.29

PredRNN [29] 0.27 0.27 0.28 0.28 0.28

FAR RredRNN-++ [30] 0.29 0.28 0.29 0.28 0.29
MIM [31] 0.25 0.26 0.26 0.27 0.28

Spatial MIM 0.27 0.27 0.27 0.27 0.28

Convlstm [27] 0.52 0.51 0.51 0.51 0.50

PredRNN [29] 0.52 0.53 0.52 0.52 0.52

CSI RredRNN++ [30] 0.59 0.55 0.55 0.55 0.53
MIM [31] 0.56 0.56 0.55 0.55 0.55

Spatial MIM 0.58 0.58 0.58 0.58 0.57

Convlstm [27] 0.51 0.51 0.51 0.51 0.50

PredRNN [29] 0.52 0.52 0.51 0.51 0.51

ETS RredRNN-++ [30] 0.55 0.56 0.55 0.56 0.56
MIM [31] 0.55 0.55 0.55 0.54 0.54

Spatial MIM 0.57 0.58 0.57 0.58 0.57

The best scores are marked in bold.

4.2.2. Mathematical Evaluation Indicators

The most common mathematical evaluation indicators used for assessing the perfor-
mance of prediction models are Mean Absolute Error (MAE), Root-Mean-Square Error
(RMSE), Correlation Coefficient (CC), Skill Score (SS), Mean Error (ME) and Normalized
Root-Mean-Square Error (NRMSE). Thus, the mathematical evaluation indicators used in
this paper are expressed as follows:

1 .

MAE = ~% 0 lyi = §il, (31)
1w .

RMSE = \/ Y i 9, (32)

Cov(yi, i)

CC = —, (33)
D(yi)v/'D(#:)

1 "
ME = -3, (yi—9:), (34)

1 2 /1
NRMSE = \/ Y i i — 7:)° / Y i1 Yir (35)

1 .
MSE = azle (yi — 0;)% (36)
55—1_ Mo 37)
MSEs’

where y; and 7J; represents the actual pixel values and the predicted pixel values, n repre-
sents the total number of pixels, MSEg represents the MSE score of the Spatial MIM and
MSE; represents the MSE score of the comparison network.

Larger CC, SS values indicate greater model performance, while smaller MAE, RMSE,
NRMSE values indicate greater model performance. At the same time, ME value closer to 0
indicate greater model performance.

The mathematical evaluation indicators of the models averaged over all moments and
the time required to predict a time series are listed in Table 6. In comparison to Convlstm
and PredRNN, the other three models have higher CC value and lower SS value. This
represents an improvement in the correlation between the forecast and real images, as
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well as a decrease in forecast error. Although the RMSE value for RredRNN++ and MAE
and ME values for MIM are the same as for the Spatial MIM, the Spatial MIM performs
better on other Mathematical evaluation indicators. Although the increased network
depth adds some time consumption. In a sequence of radar reflectivity images, the time
interval between two neighboring images is severe minutes, whereas our prediction of a
complete sequence takes 0.97 s. This time consumption is acceptable in comparison to the
performance improvement. In summary, the prediction method presented in this paper
can perform better in the area of radar reflectivity image prediction.

Table 6. Mathematical evaluation indicators and test time consumption of the models averaged over
all moments.

Algorithms MAE RMSE cC SS ME NRSME Test Time
Convlstm [27] 0.10 0.49 0.73 —0.09 —0.02 0.11 0.65s
PredRNN [29] 0.10 0.49 0.72 —0.10 —0.02 0.11 0.52s

RredRNN-++ [30] 0.10 0.48 0.75 —0.04 —0.02 0.11 0.56 s
MIM [31] 0.09 0.49 0.74 —0.06 —0.01 0.11 0.85s
Spatial MIM 0.09 0.48 0.76 0 —0.01 0.10 097s

The best scores are marked in bold.

4.2.3. Ablation Study

We performed an ablation study on the spatial MIM network to validate the effective-
ness of the model improvement. The details are shown in Tables 7 and 8&:

Table 7. POD, FAR, CSI and ETS scores of the ablation experiment models with the threshold of
0 DBZ. “E” means encoder and decoder with the information recall scheme. “D” means double-layer
convolution filter.

Sequence t+1 t+2 t+3 t+4 t+5

Spatial MIM with no E 0.89 0.89 0.89 0.89 0.89

POD Spatial MIM with no D 0.88 0.89 0.88 0.89 0.89
Spatial MIM 0.90 0.89 0.89 0.89 0.89

Spatial MIM with no E 0.10 0.11 0.11 0.11 0.11

FAR Spatial MIM with no D 0.11 0.11 0.11 0.10 0.11
Spatial MIM 0.10 0.10 0.10 0.10 0.10

Spatial MIM with no E 0.81 0.80 0.80 0.80 0.80

CSI Spatial MIM with no D 0.81 0.81 0.81 0.81 0.80

Spatial MIM 0.82 0.82 0.82 0.81 0.81

Spatial MIM with no E 0.79 0.78 0.78 0.78 0.78

ETS Spatial MIM with no D 0.78 0.79 0.78 0.77 0.78
Spatial MIM 0.79 0.79 0.79 0.78 0.78

The best scores are marked in bold.

Table 8. Mathematical evaluation indicators of the ablation experiment models averaged over all
moments. “E” means encoder and decoder with the information recall scheme. “D” means double-
layer convolution filter.

Algorithms MAE RMSE cC SS ME NRSME
Spatial MIM with no E 0.10 0.49 0.76 —0.01 —0.01 0.11
Spatial MIM with no D 0.09 0.49 0.75 —0.03 —0.01 0.11

Spatial MIM 0.09 0.48 0.76 0 —0.01 0.10

The best scores are marked in bold.

The evaluation indicators reveals that the performance of the Spatial MIM is not only
superior to MIM, but also better than the Spatial MIM with no E and the Spatial MIM with
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no D. It can be seen that the improvements made in this paper for the MIM are effective
and can better predict the radar reflectivity images.

4.2.4. Reflectivity Forecast Images

To visually represent the performance of the model proposed in this paper, two cases
are randomly selected from the test set and the forecast results of different models are
shown. Figures 6 and 7 show the observed images and forecast results of the two cases.

Input

t-2

Ground Truth/Nowcasts

Convlstm

PredRNN

PredRNN++

MIM

Spatial MIM

t+1 t+2 t+3 t+4 t+5

Figure 6. A random case of local strong convective weather in Oklahoma at T = 18 July 2021, 05:27.
The top row contains the radar extrapolation input data, while the second row contains the label
images. The third through seventh rows represent extrapolations of several models.
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Convlstm

PredRNN

PredRNN++ ez

MIM

Spatial MIM

Figure 7. A random case of local strong convective weather in Oklahoma at T =29 April 2021, 05:17.
The top row contains the radar extrapolation input data, while the second row contains the label
images. The third through seventh rows represent extrapolations of several models.

As demonstrated by the above two cases, all four comparison models can produce
roughly accurate prediction predictions. However, compared with other comparable mod-
els, Spatial MIM produces better extrapolation results. At the same time, it can complete as
much of the forecast of high-frequency components as possible while minimizing detail
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loss. Through the evaluation indexes and forecast images, it is easy to see that Spatial MIM
has superior spatial and temporal modeling capabilities for the complex nonlinear process
of convective echoes. While RNN networks provide accurate forecasts, they do have limits,
which are described in detail in Section 4.

5. Post-Processing Model

This section discusses the limitations of radar reflectivity images in capturing three-
dimensional information, as well as the blurring effect that occurs when predicting with
RNN models. The use of MSE loss functions in RNN models can result in image smoothing
and reduced high-frequency component forecast accuracy. While the Spatial MIM model
presented in the previous section demonstrated accurate low-frequency component predic-
tion, its high-frequency component prediction accuracy is still lacking in two areas: high
reflectivity deficits and local texture deficits due to image blurring. Accurate high-frequency
component prediction is critical in convective weather prediction, so this section focuses
on it. To address this, the Pix2Pix network-based post-processing model is proposed to
improve the accuracy of high-frequency component forecasts.

5.1. Pix2Pix Method

GAN is a traditional neural network with a generator and discriminator model. The
generator model is used to generate images in the field of image processing. The generator
receives a random noise z and calculates the noise z to generate a false image G(z). The
discriminator determines whether the generated image is true or false. The discriminator’s
inputs are G(z) and the label image, and the output D(G(z)) represents whether G(z) is a real
image. During training, the generator’s goal is to generate fake images in order to deceive
the discriminator, rendering the discriminator unable to distinguish the generated images
from the real ones.

The generator and discriminator are trained together, and the training process is turned
into a game. Simultaneously, the generator and discriminator gradually improve their
capabilities until they reach a Nash equilibrium. GAN overcomes the limitations imposed
by traditional image generation models due to the use of loss functions. The discriminator
works similarly to a loss function, allowing the model to be improved continuously. The
loss function of the GAN network is shown below:

Lean(G, D) = Ey[log D(y)] + E:[log(1 — D(G(2))], (38)

where G denotes the generator, D denotes the discriminator, E denotes the mathematical
expectation, y denotes the real image and z denotes the noise used to generate the image.

Traditional GAN networks take noise z as input and investigate the mapping of noise
z to image y. There is no obvious relationship between the generator’s input and output,
making it challenging to deal with complex applications. In contrast to GAN networks,
CGAN networks [41] use the condition x and noise z as the generator’s input. The generator
and the discriminator are continuously confronted to complete the network training. The
loss function of the CGAN network is shown as follows:

LCGAN(G/D) = Ex,y[logD(xr]/)] + Ex,Z[IOg(l - D(x/G(fo))]‘ (39)

The Pix2Pix network is a type of architecture for conditional generative adversarial
networks (cGAN). In this paper, we use the Pix2Pix network to improve the Spatial MIM
network’s forecast results and solve the problem of blurred forecast images. The forecasts
from the Spatial MIM network are fed into the generator and the improved forecasts are
output. The discriminator receives both the improved and real images as input and outputs
either 0 or 1. The output is 1 when the discriminator considers the improved image to be a
positive sample. The output is 0 when the discriminator considers the improved image to
be a negative sample. The structure diagram of the Pix2pix network is shown in Figure 8.
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Pre-extrapolation Final extrapolation
Images Images

oo True
i’f pl—> Generator —»

—» Discriminator —»|

Flase

Real Images

Figure 8. Pix2Pix structure. The discriminator, D, learns to classify between real images and final
extrapolation images. The generator, G, learns to fool the discriminator.

5.2. Model Structure
5.2.1. Generator

Image translation is the process of converting a high-resolution image to another
high-resolution image. Although the images’ content differs before and after translation,
they all have the same underlying structure. As a result, an encoder-decoder network is
commonly used as a generator in practice. The network meets the basic criterion of having
roughly symmetrical input and output structures. The input enters the generator and
passes through a compression path and an expansion path. The data is down-sampled by
several convolution-BatchNorm—ReLu modules in the compression path before entering
the expansion path after reaching the bottleneck layer. Deconvolution is used to perform
up-sampling in the expansion path. The image information goes across all layers of the
generator network when the encoder-decoder is used as a generator, resulting in partial
information loss.

To ensure that low-level information is well transferred between input and output
and that the generated image can recover high-frequency components more effectively.
Add skip connections between the compressed and expanded paths using the U-Net form.
Skip connections are added between layer i and layers n-i, where  is the total number of
layers. Each skip connection’s function is to connect all channels at layer i to layer n-i. The
structure diagram is shown in Figure 9.

Encoder-Decoder U-Net

X — —> Yy x — —> Yy

- - - —

Figure 9. Two structures of the generator model. The “U-Net” is an encoder-decoder with skip
connections between mirrored layers.
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5.2.2. Markovian Discriminator (PatchGAN)

The Markovian discriminator (PatchGAN) is used as a discriminator to better recover
the high-frequency components of the forecast image and to reduce the discriminator’s
computational complexity. The original GAN’s discriminator only produces a single
evaluation value, which is used to determine whether the image is true or false. The input
image will not directly enter the full connection layer after passing through the convolution
layer but will be mapped into an N x N matrix through convolution. Each matrix point
represents the evaluation value of a small portion of the original image. Evaluating the
entire image with one value is converted to evaluating the whole image through an N x N
matrix. The final output of the discriminator is determined by averaging all the evaluation
values. The use of PatchGAN reduces the computational effort and allows for better
recovery of the high-frequency components of the local image.

5.2.3. Loss Function

In traditional GAN, the L2 loss and the GAN objective are commonly mixed as the
network’s loss function. The L1 loss is used instead of the L2 loss to provide a better solution
to the image blurring caused by using RNN and to better recover the high-frequency
components of the forecast images. The L1 loss is calculated as:

Li1(G) = Exy:[|ly — G(x,2)||1]- (40)
Our final loss function is:

G* = argménmngccAN(G, D)+ AL11(G) 41)

where L.gan denotes the GAN objective and A denotes a constant coefficient.

Increasing the noise z at input had an insignificant effect on preventing the generation
of fixed results. Most of the time the generator learns to ignore the noise through training.
In this paper, we replace the input noise z with noise in the form of dropout, which is
applied to several layers of our generator during both training and testing.

5.3. Results of the Pix2Pix Network

The inputs of the Pix2Pix network are the outputs of the Spatial MIM, with the high-
frequency components missing in part. The Pix2Pix network was trained and tested using
the same sample sequences as the Spatial MIM, with 5337 sample sequences were used for
training and 800 sample sequences were used for testing to evaluate model performance.

To visualize the model’s performance after adding the Pix2Pix network, we show the
prediction results before and after adding the Pix2Pix network for the two cases as shown
in Figures 10 and 11.

As shown in Figures 10 and 11, the addition of the Pix2Pix network restores some of
the detail information of the forecast image. This is manifested in two ways: the reduction
of high reflectivity deficits and the reduction of local texture deficits due to image blurring.
This demonstrates that the prediction accuracy of the high-frequency component of the
forecast image has improved. The method used in this paper allows future studies such as
precipitation prediction and it is effective and can be encouraged for application.
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Figure 10. A random case of local strong convective weather in Oklahoma at T = 18 July 2021, 05:27.
The second and third rows show extrapolations before and after the Pix2Pix network was added.
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Figure 11. A random case of local strong convective weather in Oklahoma at T = 29 April 2021, 05:17.
The second and third rows show extrapolations before and after the Pix2Pix network was added.

6. Discussion

Although the method in this paper performs well, there are several limitations that
need be addressed in the future. First, radar reflectivity images are time sensitive. When
the original images surpass the radar echo lifetime, predicting the formation and demise
of a cloud mass becomes challenging. Second, after several moments of development,
similar radar reflectivity images may yield different live weather. As a result, uncertainty
in prediction findings may exist during real prediction, which is one of the challenges of
reflectivity image prediction. Third, the speed of cloud mass migration influences accuracy.
When the motion speed of the cloud mass is too quick, the forecast’s accuracy may suffer.
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In summary, for most types of radar reflectivity echoes, our method can effectively conduct
motion trajectory prediction, reflectivity intensity prediction and echo shape prediction.

7. Conclusions

We propose a deep learning-based reflectivity image prediction algorithm in this
paper. We offer a method that combines pre-extrapolation and final extrapolation to
address the problems of blurring and loss of high-frequency components in forecast images
produced by MSE functions. We optimize the model structure and add codecs during the
pre-extrapolation stage. And at the final extrapolation stage, we use the Pix2Pix network to
improve the forecast image blurring problem.

In comparison to the traditional method, the method presented in this paper can
achieve continuous prediction of reflectivity images. The forecast results have better small-
scale details and are more consistent with the real radar reflectivity images. Our method is
more accurate in predicting cloud masses that may cause severe weather.

Despite the fact that we employ the Pix2Pix network to reduce image blurring pro-
duced by the MSE loss function and to collect high-frequency information, there is still a
gap between the prediction images and the actual images. Further in-depth research is still
required to improve the forecast image quality. Simultaneously, the employment of GAN
raises certain concerns, such as whether it will have a negative impact on later precipitation
prediction efforts.

To summarize, precisely predicting the motion of clouds in the sky from reflectivity
images alone remains a difficult task. Wind field data, environmental field data and
spectral data must all be examined in order to achieve more precise forecast results. In
future studies, we will build models that are jointly driven by environmental field data and
radar reflectivity data to improve prediction results.
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